The domestication scenario that led to Asian rice (Oryza sativa) is a contentious topic.
Elucidating the origins of Asian rice (Oryza sativa) domestication has been a contentious field (Gross and Zhao 2014) . With whole genome data, it is becoming apparent that each Asian rice variety group/subspecies (aus, indica, and japonica) had distinct subpopulations of wild rice (O. nivara or O. rufipogon) as its progenitor (Huang et al. 2012) . However, whether rice was domesticated once and subsequent varieties were formed by introgression with different wild progenitors, or whether each variety was domesticated independently in different parts of Asia is debatable.
The debate mainly arose from two studies analyzing the same data but surprisingly arriving at two different domestication scenarios: Huang et al. (2012) supporting the single domestication with introgression model whereas Civán et al. (2015) supporting the multiple domestication model. Both studies used a reduction in polymorphism levels as a metric to detect local genomic regions associated with domestication, and the evolutionary history of those regions were interpreted as the domestication history for Asian rice. However, even population genetic model-based methods of detecting selective sweeps are prone to false positives and with the right condition any evolutionary scenario can be interpreted with a false positive selective sweep region (Pavlidis et al. 2012) . Given that each Asian rice had separate wild progenitor population of origin, any false positive selective sweep region will likely to be concordant with the underlying species phylogeny, and spuriously support the multiple domestication model. In addition, both studies used genotype calls made from a low coverage (1~2X) resequencing data (Huang et al. 2012) . However, uncertainty associated with genotype calls made from low coverage data (Nielsen et al. 2011 ) could be another source that led to the difference in results for the two studies. Thus, we revisited the domestication scenarios proposed by the two studies and reanalyzed the Huang et al. data using a complete probabilistic framework that takes the uncertainty in SNP and genotype likelihoods into consideration (Fumagalli et al. 2014; Korneliussen et al. 2014) . We then carefully compared our results against the two domestication models and contrasted it against results from both Huang et al. (2012) and Civán et al. (2015) studies.
In both Huang et al. (2012) and Civán et al. (2015) studies, the phylogeny based on genome-wide data versus putative domestication region sequences were compared to determine which domestication scenario is best supported by the data. We reconstructed the genome-wide phylogeny by estimating genetic distances between domesticated and wild rice using genotype probabilities (Vieira et al. 2016) . Three different parameters were used to estimate genotype probabilities, which were subsequently used to estimate genetic distances and build neighbor-joining trees for each chromosome (Supplemental We then scanned for local genomic regions associated with domestication related selective sweeps to infer the domestication history of Asian rice. Sweeps were identified using sliding windows that were estimating the ratio of wild to domesticate polymorphism (π w /π d ). To identify putative selective sweep regions, we chose the approach of Civán et al. (2015) and identified sweep regions separately for each rice subpopulation. If rice had a single domestication origin, all three rice subpopulations would have identical sweep regions with shared haplotypes; otherwise, the single domestication model cannot be supported. These regions with co-located low-diversity genomic regions (CLDGRs; (Civáň et al. 2015) ) were identified using a 20 kbp sliding window. To identify significant CLDGRs we chose a stringent cutoff to conservatively identify candidate regions (see Material and Method for detail) and identified a total of 39 CLDGRs (Supplemental Table 1 ).
Neighbor-joining trees were then reconstructed for each 39 CLDGRs (Supplemental Figure 2 ). The majority of CLDGRs showed monophyletic relationships among the domesticated rice subpopulation, where japonica, indica, and aus were clustering between and not within subpopulation types. A few windows (e.g.
2:11,660,000-11,680,000) showed phylogenetic relationships where each domesticated sample were clustering within the same subpopulation type. This initially suggested the evolutionary history of CLDGRs were most consistent with the single domestication origin model. We then examined larger window sizes of 100 kbp, 500 kbp, and 1000 kbp for candidate CLDGRs (Supplemental Table 1 ) and reconstructed phylogenies for those regions ( Supplemental Fig 3,4 , and 5). Larger window sizes have less number of windows for analysis, hence leading to lesser number of CLDGRs being identified (Supplemental Table 2 ). Nonetheless, with increasing window sizes CLDGR phylogenies were becoming more congruent with the genome-wide phylogenies, consistent with the multiple domestication origins model.
CLDGRs, however, are candidate regions for domestication and false-positive
CLDGRs may represent regions affected by domestication-related bottlenecks. As population bottlenecking can decrease effective population sizes, false positive CLDGRs may represent regions of the genome with increased lineage sorting and becoming more concordant with the underlying species phylogeny (Pamilo and Nei 1988) . Hence, it is crucial that a CLDGR have additional evidence that can associate it with selection and differentiate its evolutionary history from the underlying species phylogeny. To do so we searched CLDGRs that overlapped genes with functional genetic evidence related to domestication. We found three known domestication genes: long and barbed awn gene (chr4:25,959,399-25,963,504) , the prostrate growth gene PROG1 (chr7:2,839,194-2,840,089), and shattering locus sh4 (chr4:34,231,186-34,233,221) (Li et al. 2006; Tan et al. 2008; Hua et al. 2015) . Interestingly, the gene sh4 was the only gene detected across multiple sliding window sizes excluding the largest 1000 kbp window (Supplemental Table 1 ).
LABA1
Phylogenetic trees were then reconstructed for the three domestication loci that included 20 kbp upstream and downstream of their coding sequence. We note for all three genes the casual variant resulting in the domestication phenotype were located in the protein coding sequences (Li et al. 2006; Jin et al. 2008; Hua et al. 2015) . For all three genomic regions, the phylogenies were clustering different subpopulation types of domesticated rice together (Figure 1) , consistent with the single domestication scenario.
Further, in all three regions the most closely related wild rice corresponded to the Or-III subpopulation, supporting the hypothesis that the domestication alleles were introgressed from japonica into indica and aus (Huang et al. 2012; Choi et al. 2017) .
Interestingly, sh4 was identified as a candidate gene with evidence of selective sweep in this study and both Huang et al. (2012) and Civán et al. (2015) . However, only Civán et al. (2015) did not find evidence of single origin in a phylogenetic tree reconstructed from a 240 kbp region surrounding sh4. When we reconstructed phylogenies for 40 kbp windows surrounding the sh4 region, the downstream region of sh4 had phylogenies in which the domesticated rice were clustering with the same subpopulation types (Supplemental Fig 6) . We then reconstructed the phylogeny for large genetic regions surrounding each three domestication loci and discovered with each increased window size, the phylogeny of the region increasingly corroborated the genome-wide phylogeny by clustering with the same subpopulation type (Supplemental Fig 7) . Thus, the domestication-related evolutionary history for sh4 is limited to the gene and its upstream region. Thus, including large flanking regions can lead to phylogenies that are concordant with the genome-wide species phylogeny, spuriously concluding it as evidence for the multiple domestication origin model.
In this study we have used the same approach as Huang et al. (2012) and Civán et al. (2015) to search for regions of domestication related selective sweeps and investigated those regions' evolutionary history. With stringent thresholds and conservative assumptions to exclude false positive CLDGRs we were able to narrow down to three genes (LABA1, PROG1, and sh4), which were likely to be the key genes involved in the domestication of Asian rice (Meyer and Purugganan 2013) . Civán et al. (2015) had criticized the role of PROG1 and sh4 in domestication due to several wild rice alleles clustering with the domesticated alleles ( Figure 1 ). However, evidence from dedomesticated weedy rice shows feralized rice can carry causative domestication allele but not retain any of the domestication phenotypes (Li et al. 2017 ), suggesting some of the wild rice in the Huang et al. (2012) dataset may actually represent different stages of feralized domesticated rice (Wang et al. 2017) . Thus, clustering of wild rice with domesticated rice in candidate domesticated genes does not preclude those genes from having an important role in domestication.
In the end, our evolutionary analysis for the domestication loci LABA1, PROG1, and sh4 are consistent with both Sanger and next-generation sequencing results (Li et al. 2006; Tan et al. 2008; Xu et al. 2011; Huang et al. 2012; Hua et al. 2015) . Our results are also consistent with the archaeological and genomic evidences (Fuller et al. 2010; Choi et al. 2017) . Here then, we propose the Asian rice has evolved from multiple origins but de novo domestication had only occurred once ( Figure 2) . Specifically, our model hypothesizes each domesticated rice subpopulation had distinct wild rice subpopulation as its immediate progenitor, but domestication only occurred once in japonica involving the genes LABA1, PROG1, and sh4. The domestication alleles for these genes were then subsequently introgressed into the wild progenitors of aus and indica by gene flow and ultimately led to their domestication.
Materials and Method
Raw paired-end FASTQ data from the Huang et al. study was download from the National Center for Biotechnology Information website under bioproject ID numbers PRJEB2052, PRJEB2578, PRJEB2829. We excluded the aromatic rice group from the analysis, as their sample sizes were too small and we excluded the few samples that had too high coverage. In the end a total of 1477 samples were selected for analysis (Supplemental Table 3 ).
Raw reads were then trimmed for adapter contamination and low quality bases using trimmomatic ver. 0.36 (Bolger et al. 2014) Using the processed alignment files genotype probabilities were calculated with the program ANGSD ver. 0.913 (Korneliussen et al. 2014) . The genotype probabilities were then used by the program ngsTools (Fumagalli et al. 2014) to conduct population genetic analysis. To estimate theta (θ) ngsTools uses the site frequency spectrum as a prior to calculate allele frequency probabilities. Usually site frequency spectrum requires an appropriate outgroup sequence to infer the ancestral state of each site. However, for calculating Watterson and Tajima's θ it is not necessary to know whether each polymorphic site is a high or low frequency variant (Korneliussen et al. 2013 ). Hence, we used the same reference japonica genome as the outgroup but strictly for purposes of calculating θ. Per site allele frequency likelihood was calculated using ANGSD with the commands: For each window θ per site was estimated by dividing Tajima's theta (θ π ) against the total number of sites with data in the window. Windows with less then 25% of sites with data were discarded from downstream analysis. This resulted in a minimum of 90% of the windows being analyzed (Supplemental Table 2 ). To calculate π w /π d values we chose the Or-II subpopulation to calculate π w since Or-II subpopulation was most distantly related to all three domesticated rice subpopulation ( Supplemental Fig 1) . π w /π d values were calculated separately for each domesticated rice subpopulations. Windows with large π w /π d values were designated as candidate domestication selective sweep region, and significance was determined using an empirical distribution of π w /π d values.
Japonica has demographic history that is consistent with more intense domestication related bottlenecks then aus and indica (Xu et al. 2011) . Thus, many π w /π d values for japonica are expected to be similar between true domestication sweep and neutral regions, causing difficulties in identifying true positive selective sweeps. Hence, we chose the approach of Civán et al. (2015) by using a single threshold π w /π d value to determine significance for all three subpopulation. In contrast to Civán et al. (2015) we chose our threshold based on the empirical distribution of each subpopulation. The 97.5 percentile π w /π d values were determined for each domesticated rice subpopulation, and the subpopulation with the lowest 97.5 percentile π w /π d values was decided as the significance threshold. The threshold percentile that is represented by each subpopulation and window size is listed in Supplemental Table 4 . This threshold assumes at least for one subpopulation, to represent the true π w /π d value seen in a window after domestication related selective sweeps, while in the other two subpopulations the threshold maybe seen after a selective sweep or a population bottleneck. These CLDGRs then, represent candidate domestication related selective sweep regions for all three subpopulations, and it is necessary for each CLDGR to have additional information to differentiate itself from the background domestication related bottleneck scenarios. We assumed CLDGRs overlapping genes with functional genetic evidence related to domestication phenotypes (Meyer and Purugganan 2013) as true candidate domestication genes.
To account for the uncertainty in the underlying data, phylogenetic analysis were conducted by estimating pairwise genetic distances from genotype probabilities (Vieira et al. 2016) . We ran the program ANGSD to calculate genotype probabilities for all 1477 domesticated and wild rice samples using the command: Initially, the effects of different filtering parameters on the downstream phylogenetic analysis were examined by using three different parameter values for the options -minInd, -setMinDepth, -setMaxDepth: 1) minInd=492, setMinDepth=492, setMaxDepth=4920; 2) minInd=738, setMinDepth=738, setMaxDepth=8862; 3) minInd=492, setMinDepth=369, setMaxDepth=8862. Afterwards all subsequent phylogenetic analysis were conducted with genotype posterior probabilities calculated using the minInd=492, setMinDepth=492, setMaxDepth=4920 parameter set. Genotype posterior probabilities were then used by the program ngsDist from the ngsTools package to estimate all pairwise genetic distances. Neighbor-joining trees were reconstructed with the genetic distances using the program FastME ver. 2.1.5 (Lefort et al. 2015) . 
